1. Introduction {#sec1}
===============

The ultramafic sections of ophiolitic sequences host a significant amount of podiform chromitite bodies ([@bib35]; [@bib45]; [@bib10]; [@bib30]). These ultramafic rocks commonly exhibit a variable degree of serpentinization ([@bib8]; [@bib24]; [@bib25]; [@bib9]). Mapping these serpentinized areas using remote sensing is the most appropriate technique in arid regions that have no vegetation cover ([@bib21]; [@bib12]; [@bib43]; [@bib37], [@bib38]). Moreover, remote sensing is an important tool to map areas with rough topography or areas, which are difficult to access due to political problems.

Chromitite is widely distributed in Afghanistan, especially in the east and southeast parts of the country. It occurs in Logar, Kabul, Kandahar, Khost, Paktia, Nangarhar, Parvan, and Vadak Provinces ([@bib32]). Among these locations, the chromite deposits of the Logar Valley ophiolitic complex are the most studied ones. The Logar Valley area is located 33 km south of Kabul and extends between latitudes 34° 05′ to 34° 25′ North and longitudes 68° 45′ to 69° 10′ East. It has a total resource of, at least, 181,000 tons ([@bib53]).

The main aim of the study is to discriminate the lithological and hydrothermal alteration of the different rock units in the Logar valley area, especially the serpentine units, which encloses the chromite lenses. For lithological mapping and discrimination between the different rock units, remote sensing is the most suitable tool to be applied in Afghanistan locations that are classified as arid terrane. An image subset of Landsat 8 OLI data (153/36 path/row, acquisition date 27/12/2014) has been processed using the ERDAS IMAGINE (Earth Resource Data Analysis System) processing and ArcGIS (geographic information system) software. The satellite images were projected in the UTM Zone N42 and WGS 1984 ellipsoid (oblate spheroid) datum. The satellite images processing techniques such as false color composites (FCC), principal components analysis (PCA), and band rationing were applied to achieve the main purpose of the study.

2. Geological setting {#sec2}
=====================

Afghanistan is located at the western end of the Himalayan mountain range. Such location explains its complicated and long tectonic history. It is composed of a series of discrete tectonic blocks, which resulted from the successive accretion of Gondwana fragments to the active margin of Laurasia. The accretion events initiated during the Paleozoic Era and had terminated by the closure of the Tethys Ocean and the collision of Laurasia with Gondwana in late Cretaceous-early Paleogene time ([@bib52]). These blocks are separated by fault zones. Tectonically, Afghanistan is divided into the northern Afghan-Tajik platform, which is a part of the Laurasian plate and the southeast Katawaz basin, which is the northwestern extension of the India plate. These two units are separated by the Central Afghanistan Terrane along with Kabul and Nuristan Terranes ([Fig. 1](#fig1){ref-type="fig"}a).Fig. 1(A) A simplified geologic map of Afghanistan (after [@bib15] and [@bib17]). (B) Simplified geological map of the central part of the Kabul terrane outlined as red square in A ([@bib26]). (C) Geological map of the Logar Ophiolite outlined as red rectangle in B ([@bib18]); the locations of the chromitite occurrences are marked as red solid squares. (D) Simplified litho-stratigraphic section of the Logar ophiolite (modified after [@bib15]).Fig. 1

The eastern side of the Logar area is covered by the Argandab-Helmand block ([Fig. 1](#fig1){ref-type="fig"}b), which represents the western extension of the Central Afghanistan terrane. This block is composed mainly of early to middle Proterozoic schists and gneisses ([@bib49]) that were identified by [@bib27] as the Paghman metasedimentary rocks ([Fig. 1](#fig1){ref-type="fig"}c). The Argandab-Helmand block is separated from the Kabul terrane by the Chapman strike-slip fault ([@bib20]). The Kabul terrane is composed mostly of Neoarchean-Proterozoic basement and a Phanerozoic platform-type carbonate sequence ([@bib20]). Following the tectono-stratigraphic division compiled by [@bib16] for the Kabul terrane, the Proterozoic basement constitutes the older Sherdarwaza orthognesis and migmatite, which is overlain by metaquartizite, schists, gneisses and amphibolites of the Kharog Formation. The latter is conformably overlain by the late Proterozoic Welayati Formation, which is composed of amphibolite and schist. The Neoarchean-Proterozoic basement is overlain commonly by the Permian to Jurassic alternating carbonate sequence with minor clastic rocks of the Khengil Series ([Fig. 1](#fig1){ref-type="fig"}c). The Neogene (Miocene-Pliocene) basin-fill and fan deposits of the Lataband Series is exposed in the Logar area and are overlain, along with the other units by the Pleistocene to Holocene alluvium ([Fig. 1](#fig1){ref-type="fig"}c). These surfacial deposits include fine-grained wind-blown sediments, landslide masses and agriculturally altered terrains.

The Logar ophiolite massif represents a fragment of the Mesozoic oceanic crust that was obducted on the Kabul terrane during the Himalayan orogeny. The ophiolite complex is overlain by a volcano-sedimentary sequence and accretionary prism sediments of Cretaceous age ([@bib15]). The Logar ophiolite massif is separated from the Argandab-Helmand block to the west by steeply dipping N-S trending Chapman Fault. To the east, there is the Altimur Fault and [@bib49] set the Abparan Thrust, which separates the autochthonous Kabul terrane from the obducted Logar ophiolitic rocks.

The Logar ophiolite is divided structurally and lithostratigraphically into lower ultramafic rocks, which grade upward to the gabbro and central dolerite zone and finally to pillow lavas and associated sedimentary rocks ([@bib15]). The ultramafic rocks constitute the main part of the Logar ophiolite ([Fig. 1](#fig1){ref-type="fig"}d) with about 2800 m of thickness, and are composed mainly of harzburgite and dunite with minor lherzolite and wehrlite. These rocks are variably brecciated and serpentinized. The ultramafic rocks grades upward to the central mafic segment of the Logar ophiolite. This segment is composed of a pyroxenite-layered gabbro zone and dolerite dikes complex. The dolerite dikes dip steeply and are 1--15 m thick. Some of these dikes are traceable for up to 5 km ([@bib15]). The uppermost part of the Logar ophiolite is represented by a 1800 m thick sequence of pillow lavas and associated breccias and tuffs. These basic rocks are comprised of basalt, andesite and spillite, which show either aphyric or porphyritic texture. [@bib31] assigned late Cretaceous age for the dating of both the dolerite dikes and to the andesitic basalt from the Logar ophiolite. The formation of the Logar ophiolite was complex as the tectonic setting of origin of this ophiolite evolved from a mid-ocean ridge to supra-subduction zone setting ([@bib15]).

Chromitite occurs as irregular- and lenticular-shaped massive bodies hosted in the harzburgite and dunite of the Logar ophiolite. This rock assemblage is reminiscent to the transitional zone at the upper portion of the ophiolitic sequences mantle rocks (e.g., [@bib35]; [@bib13]). The contact between the chromitite and the ultramafic rocks is commonly sharp. The dunite and the harzburgite enclosing the chromitite are intensively serpentinized ([Fig. 2](#fig2){ref-type="fig"}a). The former shows a mesh texture due to the serpentinization of olivine, which exhibit a primary adcumulate texture, while the latter shows bastite texture due to pseudomorphic alteration of orthopyroxene.Fig. 2Photomicrographs of the Logar chromitite. (A) Fresh reddish brown granular chromite embedded in serpentine (sep) showing bastite texture. (B) Chromite altered along the cracks into magnetite showing higher reflectance (black arrows).Fig. 2

Chromite constitutes \>90 percent volume of the massive chromitite of the Logar ophiolite and it exhibits allotriomorphic granular texture. Interstitial silicate minerals are completely altered to serpentine and chlorite in order of decreasing abundance. Chromite crystals show no sign of intense alteration and so exhibit dark red to reddish brown color ([Fig. 2](#fig2){ref-type="fig"}a). Alteration is limited to minor fractures along which the color darkens due to the alteration of chromite with ferrit-chromite and magnetite ([Fig. 2](#fig2){ref-type="fig"}b). Platinum-group minerals are recorded in the chromitite and associated serpentinized dunite of the Logar ophiolite by [@bib15].

3. Results {#sec3}
==========

3.1. False color composites and principal component analysis {#sec3.1}
------------------------------------------------------------

Lithological mapping of the Logar Valley area was generated using Landsat 8 OLI (Operational Land Imager). The Landsat-8 OLI image of the study area was processed with ERDAS IMAGINE and ArcGIS software. The Landsat 8 OLI and the Thermal Infrared Sensor (TIRS) were launched in February 2013 by NASA. It contains eight spectral bands (1--7 and 9) with spatial resolution of 30 m, two thermal bands 10 (10.60--11.19 μm) and 11 (11.50--12.51 μm) with 100 m spatial resolution, while the spatial resolution for panchromatic band 8 (0.50--0.68 μm) is 15 m. Band 1 (0.43--0.45 μm) is used for coastal studies, while band 9 (1.36--1.38 μm) is used for cirrus cloud detection. Bands 10 and 11 are used to detect surface temperatures. The Landsat 8 OLI considered for the present study was acquired on 27^th^ December 2014 and provided by NASA. The study area is located in a continental climate; there is a lack of rain and the area is also dry.

To identify the serpentinized ultramafic rocks enclosing the chromite lenses from the surrounding rocks units in the Logar Valley area, different analytical techniques were used, including FCC, PCA, and band-ratio images. The false color composite band 2 (Blue), band 5 (NIR), and band 7 (SWIR-2) have been used, where the wave lengths for bands in Landsat 8 OLI are 0.45--0.51 μm, 0.85--0.88 μm, and 2.11--2.29 μm, respectively. This combination provides the highest variance and the least correlation. [Fig. 3](#fig3){ref-type="fig"}a shows the false color composite which is generated from bands 752 in RGB. This composite of bands shows the ophiolitic rocks in variable shaded brown color. The Paghman metasedimentary rocks to the northwest side of the Logar ophiolitic rocks are distinguished by light buff and pink colors, while the Khengil carbonate is characterized by gray-blue color in the southern and northern parts of the area. The Neogene and Quaternary deposits constitute the low relief area relative to the three other rock units.Fig. 3(A) Landsat8 false color composite image (R:7, G:5, and B:2) in Logar Valley. (B) Landsat8 OLI Principal Component analysis in Logar Valley.Fig. 3

PCA provides the best discrimination between the rocks units to construct a geological map for the Logar Valley area. It is also a useful statistical tool that is used in the field of remote sensing for image compression ([@bib37], [@bib38]), where the PCA assembles a big set of data into a few bands, which reduces the number of dimensions and transforms the correlated set of data into uncorrelated data. The PCA is a linear combination of the original image bands. The first three components (PC 1, PC 2, and PC 3) represent the domain variation in the dataset and highlight the most common feature for all bands ([Fig. 3](#fig3){ref-type="fig"}b). The schist and gneiss of the Paghman metasedimentary rocks are distinguished from the ophiolitic rocks and the Khengil carbonate by their light green-blue color.

3.2. Band ratio color composite images {#sec3.2}
--------------------------------------

Using band ratios is another technique to divide a measure of reflectance for the pixels in one image band by the measure of reflectance for the pixels in another image band. In other words, a band ratio is a technique through which the digital number value of one band is divided by that of another band. The band ratios technique is used to minimize shadow effects, especially in mountainous areas, which is one of the major problems in satellite imaging ([@bib48]). Band ratios are useful also in highlighting certain features or materials that cannot be seen in raw bands. Different band ratio images (7/6, 6/5, 4/2), (6/4, 6/2, 7/6), and (6/7, 6/5, 4/2) are used for mapping the Logar ophiolite by discriminating between the serpentinized ultramafic rocks and the surrounding various sedimentary rock types ([Fig. 4](#fig4){ref-type="fig"}a, b, c).Fig. 4Landsat8 OLI band ratio color image: (A) (7/6, 6/5, 4/2), (B) (6/4, 6/2, 7/6), and (C) (6/7, 6/5, 4/2) in Logar Valley.Fig. 4

In the band ratio images (7/6, 6/5, 4/2) and (6/7, 6/5, 4/2) in RGB ([Fig. 4](#fig4){ref-type="fig"}a, c), the Logar ophiolite is distinguished by a medium buff-green color, while in the band ratio image (6/4, 6/2, 7/6) in RGB ([Fig. 4](#fig4){ref-type="fig"}b), the ophiolitic rocks appear as medium purple-yellow color ([Fig. 4](#fig4){ref-type="fig"}b). The Paghman metasedimentary unit to the northwest of the Logar Valley area appears paler in tones relative to the ophiolitic rocks in the first two band ratios ([Fig. 4](#fig4){ref-type="fig"}a, c), while in [Fig. 4](#fig4){ref-type="fig"}b, it appears as a rosy-yellow color. However, it is difficult to distinguish between the ophiolitic rocks and the Khengil series with the band ratio images (7/6, 6/5, 4/2), (6/4, 6/2, 7/6), and (6/7, 6/5, 4/2) in RGB. The Neogene and Quaternary deposits are characterized by a more bluish shade relative to the other rocks units in the band ratio image (7/6, 6/5, 4/2) and exhibits parallel to dendritic drainage patterns ([Fig. 4](#fig4){ref-type="fig"}a). Vegetation along the Logar Valley to the southeast is distinguished as brown ([Fig. 4](#fig4){ref-type="fig"}c) in the band ratio image (6/7, 6/5, 4/2).

The Logar ophiolite is composed mainly of ultramafic rocks and serpentinization is commonly produced from the hydrothermal alteration of olivine and pyroxenes of these rocks ([Fig. 2](#fig2){ref-type="fig"}a). The hydrothermal alteration may also affect the upper mafic crustal sequence of the ophiolitic sequences, which leads to the formation of epidote, chlorite and albite (e.g. [@bib11]; [@bib1], [@bib2]). Therefore, different band ratios were applied to detect the hydrothermal alteration at Logar valley area. The intimate association between chromite mineralization and serpentine in the Logar Valley area may make serpentinization a good indicator during mineral exploration and thus may provide useful information for discovering chromite deposits in other areas in Afghanistan. Four band ratios (R:6/7, G:4/2, B:5/4) (R:4/2, G:6/5, B:6/7) (R:4/2,G:6/7, B:10) and (R:4/2, G:6/7, B:5) were selected to detect the hydrothermal alteration for olivine and pyroxene that leads to the formation of serpentinized harzburgite at Logar Valley ([Fig. 5](#fig5){ref-type="fig"}a, b, c, d). The serpentinized ultramafic rocks of the Logar ophiolite are well-separated from the adjacent rock units in the band ratios (R:6/7, G:4/2, B:5/4) as a deep green-brown color ([Fig. 5](#fig5){ref-type="fig"}a). The serpentinized ultramafic rocks of the Logar ophiolite are poorly constrained with the other band ratios ([Fig. 5](#fig5){ref-type="fig"}b, c, d). The epidote-chlorite zone in the Logar ophiolite is identified by its red color in the band ratios (R:6/7, G:4/2, B:5/4) ([Fig. 5](#fig5){ref-type="fig"}a) and cyan color in the band ratios (R:4/2, G:6/5, B:6/7) ([Fig. 5](#fig5){ref-type="fig"}b); and high relief green spots in figures in the band ratios (R:4/2,G:6/7, B:10) and (R:4/2, G:6/7, B:5) ([Fig. 5](#fig5){ref-type="fig"}c, d).Fig. 5Landsat8 OLI band ratio color image (A) (6/7, 4/2, 5/4), (B) (4/2, 6/5, 6/7), (C) (4/2, 6/7, 5), and (D) (4/2, 6/7, 10) in Logar Valley.Fig. 5

A supervised classification based on Maximum Likelihood Classification (MLC) was performed for all previous band combinations to get better discrimination for the rock units. The training set was applied to calculate the variance and covariance to separate each rock units. Using MLC, the band combination R:7, G:5, B:2 ([Fig. 6](#fig6){ref-type="fig"}a), the serpentinized ultramafic rocks appear in green color, the Paghman metasedimentary rocks in blue color, the Khengil Series in cyan color to the north and south of the Logar ophiolite massif. The Neogene and Quaternary sediments occur in variable shades of yellow and recent valleys in melon red colors. The accuracy assessment was performed using old geological map and limited ground-truth data by a confusion matrix. The overall accuracy was almost 83% for MLC supervised classification method which is relatively high in overall accuracy.Fig. 6(A) Supervised classified image for false color map (R7:G5:B2). (B) Geologic map of the Logar valley.Fig. 6

4. Discussion and conclusion {#sec4}
============================

Remote sensing is widely used nowadays in lithological/geological mapping and in hydrothermal alteration detection, which is essential in distinguishing mineral deposits ([@bib46]). Recently, Landsat image has been implemented in a various applications, e.g. in the ecology ([@bib47]), Environmental ([@bib54]), in water resources ([@bib7]; [@bib4]; [@bib6]; [@bib19]; [@bib55]; [@bib5]) geothermal resources ([@bib41]; [@bib28]), mineral exploration ([@bib29]), and Agriculture ([@bib39]). Many researchers around the world have used remote sensing data to differentiate serpentinized ultramafic rocks, which are hold potential for many types of deposits (e.g. [@bib50]; [@bib21]; [@bib33], [@bib34]; [@bib36]; [@bib14]; [@bib42]; [@bib44]). Different methods and protocols are used in defining the serpentinized ultramafic rocks, such as ASTER ([@bib51]; [@bib42]), Landsat TM ([@bib50]) and Landsat ETM+ ([@bib21]) satellite images. The previous studies had applied different image processing techniques like FCC ([@bib37], [@bib38]), PCA ([@bib40]), and band ratios ([@bib50]). Among these techniques, band ratios are the most common technique that are implemented to discriminate serpentinized ultramafic rocks using Landsat TM (5/7, 5/1, 5/4\*3/4; [@bib50]), with Landsat ETM+ (5/3, 5/1, 7/5 and 7/5, 5/4, 3/1; [@bib21]), and with ASTER (4/7, 4/6, 4/10; [@bib22]) (4/7 and 4/7, 4/1, 2/3 and 4/3; [@bib3], and [@bib42]), (5/7, 5/4, 3/1; [@bib29]), and (2 + 4/3, 5 + 7/6, 7 + 9/8; [@bib12]). However, the previous band ratios are applicable for Landsat TM, ETM+, and ASTER. Different band ratios were studied for Landsat 8, it found that the most appropriate band ratios are (7/6, 6/5, 4/2), (6/4, 6/2, 7/6), and (6/7, 6/5, 4/2) with such as this arid region ([Table 1](#tbl1){ref-type="table"}).Table 1A selected list of active sensors that used to separate the ophiolite.Table 1SensorLaunch YearBand ratiosReferenceASTER1999(4/7, 4/6, 4/10), (4/7, 3/4,2/1), (4/7, 4/1, 2/3 ∗ 4/3), and ((2 + 4)/3, (5 + 7)/6, (7 + 9)/8)[@bib22], [@bib3], [@bib42], and [@bib12]Landsat TM19845/7, 5/1, 5/4\*3/4[@bib50]Landsat ETM+2006(5/3, 5/1, 7/5), (7/5, 5/4, 3/1), and (5/7, 5/4, 3/1)[@bib21] and [@bib29]2012Landsat-82013(7/6, 6/5, 4/2), (6/4, 6/2, 7/6), and (6/7, 6/5, 4/2)This study

Recently, The Logar Valley area was studied by remote sensing using PCA with multi-spectral ASTER imagery ([@bib23]) and by [@bib27] using HyMap data from August 22 to October 2, 2007 to discriminate lithological units for the Logar Valley. [@bib27] processed HyMap data by Material Identification and Characterization Algorithm (MICA), which has limitation in differentiating the mineral with similar spectral range. It also has high cost and no public access. The Landsat 8 has been adopted in this study instead of ASTER because the Landsat 8 has a higher end spectral range for TIR than ASTER (11.650 for ASTER and 12.50 for Landsat 8). Mapping serpentine requires higher spectral resolution; therefore Landsat 8 is the better sensor for this work. Additionally, Landsat 8 is easily accessible by the public and has a better coverage than ASTER. In contrast, ASTER can provide better spatial resolution (15 m for visible and 90 m for TIR ASTER), while Landsat can provide 30 m visible and 100 m TIR Landsat 8. Moreover, ASTER gives a better spectral resolution for NIR and TIR than Landsat 8. Using Landsat 8 as a tool for mineral exploration reduces the cost compared to the Imaging spectroscopy (HyMap). In this study, different techniques were used like FCC, PCA, and ratio images and among these, the most appropriate way of detection in such an arid region is the band ratios of (7/6, 6/5, 4/2), (6/4, 6/2, 7/6), and (6/7, 6/5, 4/2). These bands ratios give better discrimination for the rock units in the Logar Valley area and so a good delineation of the serpentinized ultramafic rocks hosting the chromite in the area.

The results from all the image processing approaches is the map in [Fig. 6](#fig6){ref-type="fig"}b, which helps to classify the rock units of the Logar Valley area into five units. The first rocks unit is the Paghman metasedimentary rocks (dark blue color). The second unit is Khengil Series (cyan color) and the third category is Logar ophiolitic rocks (lawn green color). The low-relief areas are covered by the Neogene Lataband Series (beige color), and the Quaternary deposits (yellow color).

To conclude, the color composite ratio and the two band ration techniques (R:6/7, G:4/2, R:5/4) and (R:4/2, G:6/7, R:5) images with/without supervised classification give the best result for mapping the rock units and the alteration zones in the Logar Valley area. Thus, using supervised classification based on MLC provides a good tool to differentiate the different rock units in arid regions using Landsat 8. Clearly, the FCC technique shows a better distinction of the rock units in the Logar Valley area compared to the previous techniques. Moreover, the proposed methods can be applied in different Provinces in the east and southeast of Afghanistan, like Kandahar, Khost, Nangarhar, Parvan, and Vardak Provinces, to detect the serpentinized ultramafic rocks, which are potential hosts for chromite and platinum group minerals.
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